Ceramic matrix composites (CMC's), particularly silicon carbide (SiC) fiber-reinforced SiC-matrix (SiC/SiC) composites, have been studied for advanced nuclear energy applications for more than a decade. The perceived potentials for advanced SiC/SiC composites include the ability to operate at temperature regimes much higher than heat-resistant alloys, the inherent low inducedactivation nuclear properties, and the tolerance against neutron irradiation at high temperatures. This paper reviews the recent research and development of the advanced radiation-resistant SiC/SiC composites for nuclear applications. Additionally, remaining general and specific technical issues for SiC/SiC composites for nuclear applications are discussed.
Introduction
Among various refractory engineering materials, silicon carbide (SiC) fiber-reinforced SiCmatrix (SiC/SiC) ceramic composites have been studied and developed for fusion and advanced fission energy applications, due to the attractiveness based on the excellent irradiation tolerance and safety features such as the inherent low activation/low decay heat properties and low tritium permeability, in addition to the other well-perceived thermo-physical/chemical properties [1] [2] [3] [4] . Benefiting from non-nuclear programs that pursued issues such as manufacturing technology and testing development, the research and development (R&D) efforts in fusion energy and nuclear materials programs have been focusing on the essential feasibility issues, such as the fundamental performance of SiC/SiC composites under neutron irradiation and the development of radiationresistant composite materials. As the fundamental radiation performance was being positively addressed, R&D programs have been initiated aiming at the well-defined evaluation of SiC/SiC composites and the designing of components out of them, for example, in support of the Test Blanket Module (TBM) development for the International Thermonuclear Experimental Reactor (ITER) [5] and the U.S. Next Generation Nuclear Plant (NGNP) [6] .
In this paper, the present status of application development and design requirements with regard to the proposed utilization of SiC/SiC composites are first briefly reviewed for structures and flow channel insert (FCI) for fusion reactor blankets, control rod sheath in advanced gas-cooled thermal reactors, core components in gas-cooled fast reactors (GFR), and fuel cladding for various fission reactors, including the light water reactor (LWR). In the following sections, recent progress in research and development of advanced radiation-resistant SiC/SiC is overviewed, with emphasis on the materials design and radiation-effects studies. Finally, identification of the remaining critical issues, both for general fusion applications and specific to individual target systems, is attempted.
Nuclear Applications and Design Requirements
Fusion blanket structural applications. SiC/SiC composites have been considered for application to the fusion blanket/first wall structures since early 1990's [7] . These components consisted typically of panels with coolant channels in them, requiring resistance against very high-fluence neutron irradiation, high thermal stress, low induced radioactivity, low tritium permeation/retention, and other demanding attributes [8] . Presently, SiC/SiC composites are among the three competing candidate material classes for this application, together with the reduced-activation ferritic/martensitic steels (mostly for near-term applications) and the vanadium alloys [9] . SiC/SiC composites stand out among the candidates in terms of the anticipated energy cost competitiveness and favorable social receptivity associated with the high operating temperature and low activation.
The proposed blanket designs in which the use of SiC/SiC composites is assumed are based on self-cooled lead-lithium (SCLL) or helium-cooled ceramic breeder (HCCB) concepts [8, 10] . EU Power Plant Conceptual Study (PPCS) Model D [11] and the US ARIES-AT [12] , which are the latest SCLL conceptual designs, assume the highest operating temperatures for SiC/SiC structures of ~1000°C, yielding a power conversion efficiency of ~60% for the blanket circuit. The DREAM HCCB blanket concept of Japan assumes outlet helium temperatures of ~900°C with a gross thermal efficiency of ~50% [13] . Key properties for SiC/SiC assumed in these conceptual studies are summarized and compared with typical values for materials through the two most promising processing routes in Table 1 . It is noted that many of the assumed base-line property requirements are already satisfied or addressed for the design solutions.
Fusion FCI. The use of SiC/SiC as the insulating lining material for lead-lithium (Pb-Li) flow channels (flow channel insert; FCI) has been proposed in the EU advanced lead-lithium blanket concept [14] and US ARIES-ST blanket design [15] . In this application, an FCI serves as an electrical and thermal insulator in order to mitigate the MHD pressure drop and to allow a significantly higher coolant outlet temperature than the upper temperature limit for the metallic duct structure. The dual-cooled Pb-Li blanket concept (DCLL), in which Pb-Li supplies the tritium fuel while conveying a certain fraction of heat, has been adopted by the proposed US TBM and Chinese late-stage TBM for the ITER [5, 16] . The design illustrations showing the proposed use of SiC/SiC FCI in the EU Pb-Li blanket concept and the US DCLL TBM are presented in Fig. 1 . The design inlet/outlet Pb-Li temperatures for the EU PPCS Model C DCLL blanket are 480/700°C. The outlet temperature corresponds approximately to the inside temperatures for the FCI, whereas the outside temperature will be maintained to be compatible with the ferritic steel structure [17] .
Gas reactor control rod: The Very High Temperature Reactor (VHTR) is one of the six advanced nuclear reactor concepts presently pursued in the Generation IV (Gen-IV) nuclear power programs. 
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The U.S. Department of Energy has selected VHTR for the NGNP Project, which will demonstrate the use of nuclear power for electricity and hydrogen production without greenhouse gas emission [6] . In the Gas Turbine-Modular Helium Reactor (GT-MHR) design from General Atomics, which is a type of VHTR, the control rod cladding and guide tubes receive fast neutrons up to ~1x10 25 n/m 2 /year at the maximum in a temperature range 600 -1100°C during the normal operation, whereas the mechanical loading will not be very significant [18, 19] . In the scenario of a depressurized conduction cool-down accident, i.e. a complete loss of the forced coolant flow, the maximum temperature reaches ~1500°C. Since refractory composites will need to be used for these applications, the U.S. NGNP Composite Program conducts R&D for qualification and testing of the carbon fiber / carbon matrix (C/C) and SiC/SiC composites. The program comprises specific tasks for 1) confirmative feasibility issues including irradiation effect and fabricability, 2) key technical issues governing the lifetime envelope such as irradiation creep and time-dependent fracture, and 3) providing support to test standards and design code development in the framework of ASTM International and American Society of Mechanical Engineers (ASME) [18] .
GFR core and fuel cladding. SiC and SiC/SiC are studied as the candidate materials for fuel cladding and core structures for the Gas-Cooled Fast Reactor (GFR), which is also one of the six Gen-IV concepts and features a fast-neutron spectrum, helium-cooled reactor and closed fuel cycle [20] . General feasibility issues still exist for SiC-based materials for use in the GFR environment, including the effect of very high-fluence neutron irradiation at temperatures far exceeding 1000°C.
LWR fuel cladding. SiC and SiC/SiC are considered as the promising materials to supplement or replace zirconium alloy cladding presently used for LWR fuels [21] . The chemical inertness and strength of SiC at elevated temperatures are expected to offer improved safety features, reduced contamination of the primary circuit, and a simplified disposal process. Key issues for SiC-based cladding include the irradiated strength, hermeticity, and corrosion by fission products. Research on the key issues is being conducted in several countries, including the U.S. [22] 
Development of Radiation-Resistant Ceramic Composites
The early generation SiC-based fibers, such as CG-Nicalon™ and Hi-Nicalon™ and the similar grade Tyranno™-family fibers, have been shown to undergo a major microstructural modification during neutron irradiation. It has been shown that the radiation-instability of these fibers is caused by the irradiation-induced modification of the nano-crystalline structures and the presence of substantial amount of oxygen and excess carbon [23, 24] . As a result, irradiation-induced densification occurs to these fibers, causing the severe loss of composite strength, modulus, and toughness [24, 25] . The development of radiation-resistant SiC/SiC composites was enabled by the emergence of the near-stoichiometric, polycrystalline SiC fibers, namely Hi-Nicalon™ Type-S and Tyranno™-SA. Radiation resistance of these fibers has been positively addressed in terms of microstructural stability [26] and post-irradiation mechanical properties [27] [28] [29] [30] . Stoichiometric crystalline SiC is known to be mechanically stable during neutron irradiation. It has been reported that chemically vapor-deposited (CVD) beta-phase SiC, which is in principle identical to the matrix material in chemically vapor-infiltrated (CVI) SiC/SiC composites, maintains strength at the minimum up to ~2x10 26 n/m 2 (E>0.1MeV) or ~20 dpa-carbon (carbon-equivalent displacement-per-atom) at 740ºC [31] . Although further neutron fluence data are not available yet, work by Hollenberg, et al., implies that irradiation to ~80 dpa-carbon did not spoil the integrity of CVI SiC matrix [25] . Therefore, the most promising technique for the densification of radiationresistant SiC-matrix composites today is CVI. Precipitation of metallic silicon in a SiC matrix has to be avoided, because of its detrimental effect on radiation stability. Strength of reaction-bonded SiC with substantial unreacted metallic silicon within it reportedly degrades during neutron irradiation, due to the differential radiation response between SiC and silicon [31] .
As an alternative matrix densification technique, the Nano-Infiltration and Transient Eutecticphase (NITE) process was developed by employing the liquid phase sintering (LPS) for silicide ceramics with a small amount of oxide additives. The development and fundamental characterization of the early NITE SiC/SiC composites produced are summarized elsewhere [32] [33] [34] . Based on achievement by the laboratory-grade development, pilot commercial-grade (PG) production was recently initiated [35] . The first PG NITE SiC/SiC composite demonstrated the promising radiation resistance up to ~4.6x10 25 n/m 2 at 1000°C [36] . The control of matrix quality for the commercial grade materials will be one of the key issues for the NITE SiC/SiC composite, as the radiation stability should depend on the amount and quality of the residual oxide phases within the liquid phase-sintered matrices. 
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As radiation resistance of the SiC fibers and matrices is achieved, the interphase between them becomes the most radiation-sensitive constituent within the composites. In that perspective, the optimum interphase structure and configurations for the advanced CVI composites have recently been explored. In the work performed as a part of U.S.-Japan collaborative fusion materials program, Hi-Nicalon™ Type-S and Tyranno-SA™ Grade-3 (SA3) composites with various carbon and carbon/SiC multilayered interphases were fabricated through the forced-flow CVI (F-CVI) technique and evaluated [23, [37] [38] [39] . As shown in Fig. 2 , the general lack of sensitivity of mechanical properties to the carbon interphase thickness was found for these composites, contrary to the SiC-matrix composites reinforced by SiC-based fibers of earlier generations [40] . It has also been shown that the multilayered interphases do not significantly influence the fast fracture properties but enhance the rupture time governed by the interphase recession in an oxidative environment [41, 42] .
Irradiation Effects
SiC matrix and fibers. Irradiation-effects phenomena in SiC are fairly well studied at relatively low temperatures (<1000ºC). Those include swelling or isotropic volumetric expansion [24, 43] , fracture strength and elastic modulus [44] , and thermal conductivity [45] . On the other hand, unresolved irradiation-effects issues include irradiation-induced creep, very high dose effects, and the transmutation-related issues anticipated for fusion neutrons. The underlying physical processes for the irradiation-effects phenomena in SiC have also been studied by microstructural examination and other techniques for point-defect characterization, such as positron annihilation and electron paramagnetic resonance.
The evolutions of various irradiation-produced lattice defects in beta-phase SiC including tiny clusters called black-spot defects, dislocation loops, network dislocations, and cavities was mapped as a function of irradiation temperature and fluence [46] . It was demonstrated that the black-spot defects and small dislocation loops continue to dominate at relatively low temperatures (< ~800°C), whereas they grow into Frank faulted loops and finally develop into dislocation networks at a higher temperature (1400°C), similar to FCC metals with low stacking fault energy [47] .
Void swelling, which may lead to unstable volumetric expansion, is anticipated to occur in SiC at >~1200ºC [48] . Cavity formation on grain boundaries and stacking faults has been observed at >1000°C and reportedly becomes very significant at >1400°C during self ion irradiation [49] .
Polycrystalline SiC fibers are expected to exhibit the irradiation response similar to that of monolithic CVD SiC. However, the significantly higher impurity content typical in SiC fibers may influence the energetics and trapping of point defects and consequently modify the irradiationeffects phenomena, particularly at high temperatures. Additionally, the smaller grain sizes and the possibly altered grain boundary chemistry in fibers may also influence the high-temperature irradiation response. Detailed information on microstructural/microchemical behavior in SiC fibers under irradiation has not been determined. Composite mechanical properties. As discussed in the previous section, the irradiation-induced mechanical properties change of SiC/SiC composites is anticipated to occur due primarily to the property modification in the carbon interphase. Carbon materials undergo major anisotropic dimensional instability under irradiation until the materials loose strength typically at >10 dpacarbon, whereas SiC matrices and fibers are mechanically stable at such doses. However, detailed evaluation of the irradiation effects including the interphase properties in SiC/SiC composites was made possible only recently, owing to the development of small specimen test technologies [50] . In fact, the previous evaluation of neutron-irradiated radiation-resistant SiC/SiC composites by means of flexural tests only indicated the lack of severe reduction in the matrix cracking stress and the fiber strength [27, 28] . Recently performed miniature tensile tests revealed that the Hi-Nicalon™ Type-S, carbon interphase, CVI SiC matrix composites do essentially maintain the non-irradiated tensile strength, modulus, proportional limit stress, and interfacial strength after neutron irradiation to 7.7x10 25 n/m 2 at 800°C in High Flux Isotope Reactor (HFIR, Oak Ridge National Laboratory) [29] . The tensile properties of non-irradiated and irradiated composites are compared in Fig. 3 .
Additionally, a single fiber push-in experiment and a detailed analysis revealed that no major interfacial property degradation has taken place in the identical materials at this fluence level [51] .
Moreover, evaluation of the advanced radiation-resistant SiC/SiC composites after the highest fluence irradiation so far has recently been completed in Japan. In that experiment, Tyranno™-SA Grade-3 and Hi-Nicalon™ Type-S fiber-reinforced, carbon interphase, CVI SiC-matrix composites infiltrated at Oak Ridge National Laboratory had been irradiated in JOYO fast breeder reactor (Japan Atomic Energy Agency, Oarai, Japan) to the maximum dose of ~1.5x10 26 n/m 2 at 750°C [52] . The test showed that no statistically significant changes in tensile properties occurred for both composites, thus demonstrating for the first time the competitiveness of Tyranno™-SA fiber composites in terms of irradiation stability. Even at the fast fluence exceeding 1x10 26 n/m 2 , the tensile hysteresis analysis and fractography did not imply a major degradation in interfacial frictional stress. However, as a major degradation of graphite strength is expected to take place at about this dose level, irradiation experiments to higher fluences will be essential to determine the very high fluence irradiation effects on the composite strength.
Remaining Critical Issues
Issues common to general thermostructural applications of ceramic composite materials in many cases apply to those for fusion and nuclear applications. Those issues include corrosion, stress corrosion cracking, and cyclic fatigue. For instance, although the control rod in the VHTR is not a typical structural component, stress corrosion cracking has to be addressed, since the combined mild stress and the oxidative impurities in the pressurized helium flow can promote cracking once matrix cracks are introduced [53] . Similarly, for functional applications such as the fusion blanket FCI, issues associated with the environment and internal stress will have to be resolved due to the nature of the function as a thermal insulator [16] . Fuel cladding applications also require corrosion resistance against fission products while bearing the internal pressurization by the fission gas.
Since the neutron irradiation can either mitigate or enhance the non-nuclear issues, synergistic effects of radiation have to be carefully addressed. When the thermal-stress issues are considered, the internal stress may be mitigated by irradiation creep, or contrarily a greater internal stress can develop due to the differential swelling effect [16] . Insufficient understanding has so far been obtained regarding the irradiation creep of SiC and SiC/SiC composites, whereas the swelling behavior at <~1000°C is fairly well understood as a function of temperature and fluence. Therefore, further studies on the irradiation creep phenomenon and the physical mechanisms need to be addressed for SiC-based materials. Fig. 3 . Influence of neutron-irradiation fluence at 800-1000ºC on ultimate tensile strength, proportional limit stress, and modulus of Hi-Nicalon™ Type-S (uni-directional), carbon-interphase, chemically vapor-infiltrated SiC-matrix composite [29] .
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For FCI applications in fusion demonstration and power reactors, the requirement of maintaining low electrical and thermal conductivities at elevated temperatures throughout the service lifetime imposes a challenge to materials development. Chemical compatibility with and hermeticity against Pb-Li will also have to be maintained [54] , and the intrusion of Pb-Li into internal pores will have to be suppressed after matrix micro-cracking. The effects of solid transmutation, through which non-negligible amounts of Mg, Be, Al, and other elements are produced [55] , on electrical conductivity and corrosion resistance may become critical issues.
Gaseous transmutation is also a known yet unresolved issue for materials in fusion reactors. Calculation has shown the estimated production of helium and hydrogen in SiC at the rates of 80-170 and 30-70 appm/dpa, respectively, at the peak radiation regions of blanket first walls [55] . The helium effect is particularly important since helium is essentially insoluble and interacts with lattice defects to alter various irradiation-effects phenomena. So far only limited studies of helium and hydrogen effects have been conducted using multi-beam ion irradiation facilities; early results indicate the microstructural processes and swelling are significantly influenced in the presence of helium [43, 47, 56] .
Finally, void swelling may be a critical issue for SiC-based materials when applied to fuel cladding and core structures of gas-cooled reactors, in which fuel temperature largely exceeds 1000°C. Recent results of very high temperature neutron irradiation by Snead et al. implied the substantial void swelling of high purity monolithic SiC at >~1300°C [57] , although further work is necessary to confirm if the void production is responsible for the observed swelling and unstable void growth that occurs by further irradiation. It should be noted that a microstructural control will be effective in suppressing/delaying the void swelling, as has been demonstrated for metallic alloys.
Summary
Proposed SiC/SiC ceramic composite applications to fusion and nuclear energy systems, recent R&D status of the advanced radiation-resistant composites, and the general and application-specific critical material issues have been briefly reviewed. Opportunities in a wide spectrum of fusion and advanced nuclear energy system applications now exist for SiC-based ceramics and composites, based primarily on the recent successful development of radiation-resistant SiC/SiC composites in fusion materials programs. The present CVI composites meet most of the requirements in near-term applications to the VHTR control rods and the FCI for ITER TBM, and the respective R&D programs are conducting or planning to conduct specific testing, qualification, and test standard/design code development. For the long-term future applications such as GFR and a fusion power reactor, further development of high-performance materials and the utilization technologies are essential. Understanding fundamental irradiation-effects phenomena, including irradiation creep, various transmutation effects, and void swelling, and the underlying physical processes are the keys to further advance the science and technology of ceramic composites for fusion and advanced nuclear applications.
